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Abstract: The aim of this paper was to present a precipitation trend analysis using gridded data at
annual, seasonal and monthly time scales over the Fez-Meknes region (northern Morocco) for the
period 1961-2019. Our results showed a general decreasing trend at an annual scale, especially over
the mountain and the wetter parts of the region, which was statistically significant in 72% of the
grid points, ranging down to —30 mm per decade. A general upward trend during autumn, but still
non-significant in 95% of the grid points, was detected, while during winter, significant negative
trends were observed in the southwest (—10 to —20 mm per decade) and northeast areas (more than
—20 mm per decade) of the region. Spring rainfall significantly decreased in 86% of the grid points,
with values of this trend ranging between 0 and —5 mm per decade in the upper Moulouya and —5
to —10 mm per decade over the rest of the region (except the northwest). At a monthly time scale,
significant negative trends were recorded during December, February, March and April, primarily
over the northeast Middle Atlas and the northwest tip of the region, while a significant upward trend
was observed during the month of August, especially in the Middle Atlas. These results could help
decision makers understand rainfall variability within the region and work out proper plans while
taking into account the effects of climate change.

Keywords: rainfall trend; gridded data; Mann—Kendall test; Fez-Meknes region; Morocco

1. Introduction

Knowing precipitation trend using time series observation is the key to reliably de-
termining the behavior of future observations. Indeed, precipitation is an important part
of the hydrological cycle and its progressive alteration over time, due to on-going climate
change, is taken into account by water resource managers and hydrologists. In fact, global
climate change is influencing the distribution of precipitation, modifying the availability of
water with increases in dry period length and increases in flood frequency [1]. Moreover,
precipitation is one of the most important parameters capable of influencing, negatively
or positively, the agricultural productivity of a region [2,3]. In other words, precipitation
trend investigation allows for a better understanding of its future behavior, which is useful
for developing greater control of floods and more efficient food production and, above all,
improving the capacity of communities to face up to extreme weather events, and at the
same time, their alarming consequences on political and social levels.

In this context, Morocco, located in Mediterranean northwest Africa (the Maghreb),
is considered a very fragile country against the effects of the climate change [4]. In the
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past, a French colonialist administrator [5] in Morocco said that the state’s governance,
its system and its stability depend on the fall of rain. This means that one dry year
may cause political unrest and migration movements that complicate the narrow political
calculations of colonialism at that time, and of successive Moroccan governments today.
The Mediterranean basin is considered a hot spot for climate change [6]. The heating
and drying effects of global warming predicted by various studies and climate simulation
models are disastrous and seriously threaten environmental systems, agriculture activities
and even drinking water supply [7-10]. The desertification resulting from the encroachment
of the largest desert in the world towards the north is clear [11-13], and the recurrence
of drought and intense heat waves is worrying as they overcome North Africa, to reach
Europe and cause great losses [14-17]. The trend of rainfall in the Mediterranean domain
has been studied by Caloiero et al. [18] using gridded datasets from the Global Precipitation
Climatology Centre (GPCC) Reanalysis Version 6. At an annual time scale, the results show
a clear negative trend over the Middle East, Greece, central and northern Italy, northern
Morocco and southern Spain. Seasonal rainfall shows a net decrease over the Levant,
southern Turkey and Albania, while spring rainfall exhibits a negative trend over northern
Morocco, southern Spain and central Portugal. As one example of a study over a smaller
region, Caloiero et al. [19] investigated rainfall trends using gridded data over the Calabria
region in southern Italy; the results show a decreasing trend at an annual scale and during
the winter and autumn seasons, which is in keeping with the findings of Longobardi
and Villani [20]. Nouaceur and Murarescu [21] state that rainfall within the Maghreb
region is not decreasing, but huge variation and a return to normal conditions is observed
after 2008, which agrees with the conclusions of Benabdelouahab et al. [22]. However,
Hadri et al. [23] show a descending trend in the Standardised Precipitation Index (SPI)
series, with a good correlation with remote sensing data on the Normalized Difference
Vegetation Index (NDVI). An explanation of this disagreement could be differences in the
studied period. A decline in rainfall was reported in Spain and southern Portugal [24,25].

Studying climate change variability demands huge amounts of data covering long
time spans. However, in developing countries, the climate station network is very weak,
very large regions are not covered by meteorological stations, and the low quality of the
data gathered leaves conclusions uncertain. Satellite observation, reanalysis and gridded
datasets are the main solutions adopted. Various gridded datasets have been created and
analyzed by many institutions and researchers [26-30]. All those gridded datasets are
based on some combination of rain gauge data, satellite-derived data and reanalysis data.
Appraisal of some datasets was carried out by Sun et al. [31] who found a high degree of
variability between datasets in annual and seasonal precipitation estimates, particularly
in mountain areas, as well as in North Africa. In Sri Lanka, an investigation conducted
by Perera et al. [32] in three hydrological basins using satellite-derived products against
15 years of observed rainfall data showed that PERSIANN-CCS was the weakest in terms of
performance and TRMM-3B42 RT had the best trend prediction performance. Hu et al. [33]
investigated the performance of (GPCC) V7, (CRU) TS 3.22, and Willmott and Matsuura
(WM) rainfall data over Central Asia and showed that all three gridded datasets underesti-
mated the observed precipitation at annual and monthly scales, especially in mountainous
areas. Similar conclusion for mountainous areas are obtained by Henn et al. [34] in the
western United States, showing that the highest absolute differences between datasets occur
in high-elevation areas. Indeed, the difficulties in the interpolation of climatic variables,
especially rainfall, in mountainous areas have long been discussed [35]. Gridded precipi-
tation from 23 datasets was evaluated by Satgé et al. [36]. The best overall performance
was obtained for MSWEP v.2.2 and CHIRPS v.2 for daily and monthly time-step, and
the authors show the importance of gridded datasets as helpful sources for risk forecast
studies. According to Yao et al. [37], satellite-merged precipitation datasets performed
better than gauge-based and reanalysis datasets. Those datasets are very important for
climate simulation models, hydrological applications, and obtaining information about
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different climate characteristics over large- or small-scale areas not covered by weather
measurement stations.

The purpose of this paper is to present the results of a trend analysis performed at
annual, seasonal and monthly time scales by applying two non-parametric tests to a gridded
rainfall dataset built for the Fez-Meknes region in northern Morocco from homogenized
station data.

2. Study Area and Data
2.1. Study Area

The Fez-Meknes region (Figure 1) is one of the 15 regions that make up the Kingdom
of Morocco according the territorial division of 2015. Located in the northern part of the
country, it lies between latitudes 32°58' N and 34°91’ N and between longitudes 2°8' W
and 5°9’ W. Its surface is 40,075 km?2.
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Figure 1. (A) Situation map of the Fez-Meknes region, rain gauges and visualization of the grid with
a spatial resolution of 10 km; (B) the same map with more physiographic features.

The Fez-Meknes region is home to 4.4 million inhabitants or 12.5% of the Moroccan
population [38], and it holds 7.7% of the national GDP. It has 15% of the national usable
agricultural land in Morocco, and the region’s contribution to national cereal production
remains significant (around 21% during 2011-2212) [39]. The region is dominated by
lowlands less than 500 m above sea level to the northwest and southeast, and by the Sais
plateau and Prerifan hills (600 to 700 m) in the center and the northeast, while the north
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is occupied by the Rif mountains. The central area is dominated by the Middle Atlas
mountain range, which culminates at more than 3300 m at Jebel Bounacer and the massif
of Bouyblane (Figure 1). The hydrological network consists of two main watersheds. The
Sebou Basin on the west side of the region drains the wettest zone of the region; it is the
most important watershed within the country and has a total average yield of six billion
cubic meters of water per year, and dams and reservoirs are built on many of its tributaries.
The Moulouya basin in the southeast is an arid-to-subarid region; the stream starts outside
of region and crosses it at the upper Moulouya.

According to the Koppen—Geiger climate classification [40], the climate of the Fez-
Meknes region is Csa (temperate with dry and hot summers) over the most important
west side of the region (Figure 2). An arid and cold steppe type (Bsk) is found over the
highlands, which are temperate (Csb) with dry and warm summers, and Dsb (cold with
dry and warm summers) is found over the highest parts of the Middle Atlas Mountain
range. The climate of the upper Moulouya region is Bwk, with an arid, desert and cold
climate with less rainfall and steppe vegetation.
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Figure 2. (A) Annual rainfall mean interpolated to the grid points, and (B) Képpen—Geiger climate
classification based on the data from [40].

The mean annual rainfall ranges from 423 mm in Fez and 508 mm in Meknes up to
741 mm in Bab Ounder. The wettest conditions are on the mountain peaks of the Atlas and
the Rif (988 mm in Ifrane, and 1555 mm in Jbel Oudka). The southeast is arid-to-semi-arid,
particularly in the upper Moulouya, with 137 mm at Outat El Haj and 161 mm at Missour.

2.2. Data Source and Quality

To build the gridded dataset, monthly rainfall data from 83 rain gauges (from 1961
to 2019) were used. Figure 1A presents the spatial distribution of the gauges and the grid
points used in this work. The main providers of this data were public special agencies of
the main hydrological basin within the region: the Agence du Bassin Hydraulique de Sebou
(ABHS), the Agence du Bassin Hydraulique de la Moulouya (ABHM), and the Agence du
Bassin Hydraulique de 'Oum Er-Rbia (ABHOER). All these agencies were established to
manage water resources in the river basins in Morocco in all aspects. They collect data,
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supervise dams, reservoirs and irrigation installations, and issue licenses for drilling wells.
They monitor everything related to water in their watersheds. Before performing any
analysis, data before 1961 were also checked, showing predominantly wet conditions with
the exception of some dry years. In any case, before 1961, data are very scarce within the
region and have a very low coverage rate, and thus, for these reasons, 1961 was chosen as
the starting year for this study.

After collecting the data, quality control was performed on the database to check
for missing data and possible inhomogeneities in the series. A homogenization process
and gap-filling of the rainfall time series were carried out using the specialized package
Climatol under the R environment [41,42]. This tool was specially designed for climatic
data homogenization, and is based on the RMA method (Reduced Major Axis), a kind
of orthogonal regression that is an alternative to ordinary least squares (OLS) for fitting
bivariate relations. This package uses a standard normal homogeneity test (SNHT) both
on overlapping windows and on the entire rainfall series to detect inhomogeneities. The
advantageous qualities and the performance of the Climatol results were evaluated in
various studies [43-46]. More details on the homogenization operation for the rain gauge
data in this region were published by Kessabi et al. [47].

3. Methods
3.1. Inverse-Distance-Weighted Interpolation

Our gridded dataset was composed of 389 monthly rainfall series or grid points cover-
ing the regional territory; its resolution is 10km. The gridded dataset was obtained through
an operation of interpolation using the Inverse-Distance-Weighted (IDW) technique. The
IDW technique is a deterministic way to interpolate data which does not need any other
covariate data to improve the quality of the interpolation. Many studies used this technique,
such as that of Giarno et al. [48], which found that the IDW in Sulawesi was more stable
in correlation than kriging, both in the rainy season and the dry season. The comparison
between the IDW and kriging methods made by Dirks et al. [49] to interpolate rainfall data
led them to recommend the use of the IDW method for spatially dense networks of rain
gauges. In fact, in dense and well-distributed rain gauge networks, although geostatistical
interpolators outperformed the IDW, the rainfall spatial distribution gave fairly satisfactory
results [50].

This technique assumes that each measured point’s influence and weight decrease
along with the distance of the rain gauge and unsampled points. The closer an observation
is to the point of the estimate, the higher its influence that is expressed through a weight
(w), given by:

1
d(x, x;)?

where x is the point at which rainfall is unknown, x; is one of the points at which rainfall
is available, d is the distance between the two points, and p is an exponent that allows
different forms to the weighting function to be given.

The higher p is, the less importance is given to more remote observations. For this
research, a p value equal to 2 is used, in line with several works [50-52].

)

w;(x) =

3.2. Trend Test Analysis

To check the rainfall trends in the era of climate change, the widely recognized non-
parametric Mann-Kendall test and the Theil-Sen slope estimator were employed. The
Mann-Kendall test is one of the most common non-parametric tests used by researchers
around the globe to characterize trends and their significance within hydrometeorological
time series, as proposed by [53,54]. Compared to the least-squares linear regression ap-
proach, it is robust to outliers and extreme values, including those that might arise from
sporadic undetected observation and recording errors.

The Mann-Kendall test is well-known in the literature; as an example, the use and
computation of this test has been well described by Achite et al. [55].
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If a trend is present in a time series, then the true slope (change per unit time) can
be estimated using the simple non-parametric procedure developed in [56]. The slope
estimates of the n(n—1)/2 unique pairs of data are first computed as follows:

. X=X .

Q(I,]):? for i,j=1,2...,n (2)
where X; and X; are data values at times j and i (j > i), respectively. The median of these
N =n(n—1)/2 values of Q is Sen’s estimator of the slope.

After sorting the Q values, if N is even, then Sen’s estimator is calculated as:

Quet = 5(Qy + Q2 )

If N is odd, then Sen’s estimator is computed as:

Quea = (Quz1) @

Sen’s estimator Qs provides the rate of change and enables determination of the total
change in any variable during the analysis period. Sen’s slopes over the 58-year (1961-2019)
study period are expressed here in mm/10 years.

Then, Sen’s slope values of the grid points were classified into six classes and presented
as colors reflecting the volume of precipitation change in mm per decade, where the marker
size at the grid point indicates the trend significance as given by the Mann-Kendall test.

4. Results

The most important results of the trend tests and their statistical significance (95%
confidence level) are summarized in Figure 3 at annual, seasonal and monthly time scales.
At an annual scale, a general negative trend over the whole regional territory is noted. This
trend is statistically significant in 72% of the grid points and negative, but not significant,
over the remaining 28% (Figure 3).

Year
Autumn
Summer

Spring
Winter
Dec

Nov

m Positive and significant Positive no significant m Negative and significant Negative no significant

28.0

10 20 30 40 50 60 70 80 20 100
% of Grid points

Figure 3. Percentages of grid points presenting positive or negative and significant or non-significant
trends at yearly, seasonal and monthly time scales.
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The amount of decrease reaches its maximum in the mountain zone of northeast
Middle Atlas in the southwest of Taza and around Ifrane and Azrou, but also in the north
of Taza in the Rif Mountains and Prerifan hills, with values ranging between —20 mm
and —30 mm per decade. The northwest of the region and the Moulouya basin show
negative but non-significant trends (Figure 4). Considering the results of the seasonal
rainfall trend analysis, the decreasing rainfall explains most of the annual trend in the wet
season, especially winter and spring, given the marginal amount of summer precipitation.

s S mm/10 years
P — . -
ae . AEEEEEE
g----iiillllml» q
fﬁ“DllUll.....-.E ’
Smesnsm s AAEEEEN [ ] -10-0
SEECEEE - EEEEEEN [ o0
EEEEE-EENEEENE [7] 10-20
/-‘7 i.....DD...-..-_ [ 20-30
FEEEEEEEEEEEEEEENR B
EEEEEEEDEEEEEEEER:
EFEEEEEEDEEEEEEEENO " /,\D
\Z\IIIIIIIIIDIIIIIUF pa-nhNy
/AEEEEEEEEEENENEE-=" B @ N
EEEEENE:-EEN-= DDDE-«.}/ /’HLLUDQ
;IIIIIIIIIIDDHﬂtg\/\;ﬂ == k
“.......D.DJDLuD,uFTDu
“!.....DZIDDDDZIEDD?EEDDDD\D\
4.....DDDDDDDD'—DDJL“”DDD'\
AEEEIEEEEEEEN=scr oo e @IEESE
/).DDJ:LDDDDDDHiUiD/J«L,_ELELD—D’
&-D/ NHEEE= o e m oW
= (BN =0 o=
l VD%D:IED//
\DDD
L

Figure 4. Theil-Sen estimator and MK test at annual time scale. Squares” dimensions indicate the
significance level of the trend: large squares: p < 0.05, small squares otherwise.

During autumn, an upward trend over 98% of the grid points, but non-significant for
about 95% of the cells, was recorded (Figure 3). Only 3% expressed a statistically significant
upward trend, and those cells are located mainly around the central valley of the upper
Moulouya (Figure 5).

The upward trend of autumnal precipitation is explained by the positive trend of the
September and October months (Figure 5). Most of the grid points expressed an upward
non-significant trend during September (97%) and October (96%). For each of those months,
3% of the cells expressed an upward significant trend located mainly in the northwest
of the region. The magnitude of this trend is still quite marginal, at around +5 mm per
decade. However, the month of November shows the beginning of a negative trend, still
non-significant, that concerns mainly the Middle Atlas Mountain range, the Sais plateau
and the northeastern tip of the region (Figure 5).
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Figure 5. Theil-Sen Slope and MK test for autumn season and its constituent months. Squares’
dimensions indicate the significance level of the trend: large squares: p < 0.05, small squares otherwise.

The negative trend started in November and continued during the winter season, in
which 46% of the grid points recorded a downward significant trend, while the remaining
54% of the grid cells showed a negative but non-significant trend (Figure 3). The declining
rainfall in winter reached values of —10 mm to —20 mm per decade over large areas of
the Prerifan hills between Taza and Taounat in the northeast, and across the Middle Atlas
Mountain zone between upper Moulouya and the western parts of the region (Figure 6).

The negative trend during December and February explains most of the winter rain-
fall decrease. This negative trend becomes more pronounced with values of more than
—10 mm/10 years, especially over Rif and Middle Atlas. In December, 99% of the grid
points express a downward non-significant trend, while a few points (four grid points or
1%) show a significant negative trend over eastern Prérif and around the Middle Atlas
mountain range (Figure 6). In February the decrease becomes clearer and statistically signifi-
cant across the Middle Atlas and the area stretching between Taza and Taounat, with values
of —5 mm and —10 mm per decade (Figure 6). The percentage of grid points showing this
significant negative trend is 17% of the total, and that showing a non-significant negative
trend is 83% (Figure 3). Conversely, the month of January has an upward non-significant
trend over 20% of the cells, largely over the Sais plateau and Middle Atlas northwestern
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peripheries, against 80% showing a non-significant negative trend over the rest of the

region (Figure 6).
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Figure 6. Theil-Sen Slope for winter season and its constituent months in mm per decade. Squares’
dimensions indicate the significance level of the trend: large squares: p < 0.05, small squares otherwise.

In the study area, the spring season is the second wettest season after winter. The
rainfall trend is negative and statistically significant in 86% of the grid points, while the
remaining 14% are also negative, but non-significant at an alpha threshold of 0.05 (Figure 3).
The volume of this decline reaches to —10 mm /10 years in the upper Moulouya and the
northwestern quarter of the region. While the remaining grid points display an important
decrease ranging between —10 and —20 mm /10 years, even more volumes are recorded
around the Tazzeka and Bab Boudir Mountains in the southwest of Taza. The explanation
for this decline in spring rainfall is mainly related to the downward trend of rainfall during
March and April, with 69% and 43% of the total grid points exhibiting a negative and
significant trend at a 95% confidence level, respectively (Figures 3 and 7). The percentage
of non-significant negative trends throughout the months of the spring season is 31%
for March, 57% for April and 91% for May. At a monthly scale, the amount and spatial
extent of the negative trend during March ranges between —5 and —10 mm/10 years
over the Sais plateau and Middle Atlas Mountains, while for the upper Moulouya, we
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recorded a downward trend of —5 mm/10 years. The northern area shows a negative but
non-significant trend (Figure 7).
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Figure 7. Theil-Sen estimator and MK test for spring season and its constituent months expressed in

mm per decade. Squares” dimensions indicate the 95% significance level of the trend: large squares:
p < 0.05, small squares otherwise.

During April, the rainfall trend is statistically significant over the southern half of the
region, with values ranging from —5 to —10 mm per decade over the Middle Atlas range,
while on the upper Moulouya, the decline ranges between 0 and —5 mm/10 years. The
northern half of the region exhibits similar values of decrease, but without reaching the
significance level of 95%. The month of May displays a negative but non-significant trend
over 91% of the grid points, while 8% are statistically significant. This behavior includes
some points extending in the middle of the region from west to east between the mountains
of Zerhoun and Sefrou and those south of Taza, with values ranging from 0 to —5 mm
per decade, while in the west, values reach —10 mm per decade in the areas south of Taza
(Figure 7). In a few grid points (1%) located around the upper Moulouya arid region, we
recorded an upward non-significant trend.

Summer rainfall is very marginal within the region’s precipitation regime; on average,
it represents less than 4% of the annual total, as is expected in the Mediterranean climate
domain of the Maghreb, but this share can reach 17% in mountain areas. The summer
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rainfall trend is negative and statistically significant over 56% of the grid points, and
is mainly concentrated in the northern and southeastern areas; the negative but non-
significant trend covers 37% of the grid points positioned in the upper Moulouya Basin

(Figures 3 and 8).
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Figure 8. Theil-Sen estimator for summer season with months expressed in mm per decade. Squares’
dimensions indicate the significance level of the trend: large squares: p < 0.05, small squares otherwise.

The upward trend concerns 8% of the total grid points, located mostly around the
height of the southern belt of Middle Atlas. At a monthly scale, a negative and significant
trend during June, concerning 99% of the grid points, was noted. Conversely, July displayed
an upward trend over the southern half against downward trends over the other northern
half. The upward non-significant ones represent 54% of the grid points, ranging between 0
and +5 mm/10 years, and concern mainly the southern Middle Atlas and the Moulouya
basin. The negative trends are statistically significant for 6% of the grid points, marking a
corridor of the lowlands between Taza and Sidi Kacem, as shown in Figure 8. The trends in
July rainfall generally range between 0 and —5 mm/10 years. The upward trend revealed
during July was confirmed in August, with a significant upward trend, which represents
18% of the grid points, while 58% of the grid points show a non-significant increasing
trend (Figure 3). Most of the positive trends are located over the mountain area over the
southwest of the region and around the central valley of Moulouya (Figure 8). In only 1%
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of the cells did we record a negative and significant trend, and the remaining negative
ones cover around 23% of the 389 points. It is noteworthy that during July and August,
the dry regions of Moulouya and the southern heights of the Middle Atlas range become
wet compared with the northwest of the region, notwithstanding that summer rainfall
remains very marginal in the context of the Mediterranean climate of North Africa, as
mentioned above.

5. Discussion

In this paper, the results of a trend analysis performed over a gridded dataset built in
a region of Morocco, based on rainfall time series from 83 rain gauges ranging from 1961
to 2019, are presented. The annual rainfall shows negative and significant trends over the
majority of the grid points, which is consistent with the findings of Caloiero et al. [18] at least
for the annual time scale. Similar findings are also seen in works by Knippertz et al. [57],
Singla et al. [58] and Ouatiki et al. [59]. The study of Driouech [60] about rainfall in Morocco
showed a negative trend after the shift that happened at the end of the 1970s. Similar results
have been found on Madeira Island, located off the coast of Morocco [61]. In mainland
Portugal, also close to Morocco, Portela et al. [25] studied rainfall series of 106 years in
the southern region of the country and drew the same conclusions. Our findings at the
annual scale are thus similar to different studies within Morocco and its vicinity. At a
seasonal scale, the upward trend revealed for the autumn season is consistent with the
results obtained in western Algeria [62,63]. Conversely, different results were obtained
by Caloiero et al. [18] for the autumn and summer seasons, while similar tendencies
were detected during winter and spring. A recent investigation showed an upward trend
within temperature indices against a downward trend for rainfall indices, which is in
perfect agreement with our results on rainfall trends [64]. This trend behavior seems to
be correlated with changes in intra-annual precipitation distribution, which, in turn, is
dependent, to some extent, on teleconnection patterns, especially on the North Atlantic
Oscillation. In fact, North Africa rainfall is influenced by the NAO and other teleconnection
patterns, such as the El Nifio Southern Oscillation (ENSO), Mediterranean Oscillation (MO),
and Western Mediterranean Oscillation (WeMO) [65]. In particular, as regards the NAO,
according to several previous works, this teleconnection governs most of the rainfall of the
wet season within the country [57,66,67]. Kelley et al. [68] evidenced a marked negative
phase of this teleconnection pattern between 1940 and 1980, corresponding to a period
with more rainfall and wet conditions in Morocco. On the contrary, more recently, a very
positive phase of NAO after 1980 was observed, and thus, drought conditions dominated
the country.

Few studies have been conducted in Morocco using gridded data. The study of
Caloiero et al. [18] concerns the whole Mediterranean basin and Europe, and its main char-
acteristics are discussed above. Gridded and gauged data were used by Zamrane et al. [69]
over three main basins (Sebou, Moulouya and Tansift), which cover the whole territory of
the Fez-Meknes region, but they used few rain gauges (just six stations that fall within or
close to our studied territory) so they would give a less reliable and complete picture of
spatial variability. The authors identified frequencies of variability at 1 year and 8-16 years,
and identified three main break points during 1970, 1980 and 2000. These points of change
mark a decline in rainfall within the three basins, which is in agreement with our findings.
A new monthly gridded rainfall dataset for Africa covering the 60-year period of 1940-1999
was created by Dieulin et al. [70]. The results of this study, computed on the observed and
gridded data, detected a break in the rainfall regime around 1979/1980, which agrees with
the findings of many others studies on Moroccan precipitation trends and variability [58].
Given the features used to estimate rainfall within the CHELSA dataset algorithms [71], the
investigations conducted on it show that it exaggerates the amount of rainfall in some dry
areas [72]. Conversely, the TerraClimate dataset [29] underestimated the rainfall volumes
within the Fez-Meknes based on checks against data gauged from five stations inside the
region [73].
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Regardless of the various observations and criticisms that may be directed against
reanalysis- and satellite-based datasets, these data remain essential for climate and hydro-
logical modeling, and even for obtaining data close to the truth over large areas that are not
covered by weather stations. However, collecting the maximum quantity of measurement
data from ground monitoring stations before starting to build these datasets will greatly
help improve their spatial accuracy and the quality of their final outputs. According to
Arias and Barriga [74] the performance of these datasets must be validated locally by
observed station data, and the observation-based gridded dataset developed in this work
allows us to do so.

6. Conclusions

This paper attempts to resolve two dilemmas in Morocco. The first is the problem
of data that are not available on large scales. The second is the study of rainfall trends
(the most important climate variable in the region) in one of the most important regions
of Morocco, with 4.3 million inhabitants and important agricultural and water resources,
mainly located in the most important watershed of the country, i.e., the famous Sebou
basin. With this aim, first data from 83 rainfall time series stretching between 1961 and 2019
covering this region and its vicinity were used to build a gridded dataset. Interpolations
from these rain gauges into 389 grid points were implemented through the IDW technique.
Then, a trend analysis was performed using the Mann-Kendall test and the Theil-Sen
slope estimator.

As a result, the following main outcomes can be deducted:

e  The rainfall trend analysis showed a significant decline at an annual scale in most
areas of the region, which is statistically significant at the majority of the grid points,
with values ranging between —10 and —20 mm per decade;

e Ataseasonal scale, the upward trend revealed during autumn remains weak (around
+10 mm per decade) and unable to compensate for the huge decline in winter and
spring rainfall (—10 to —20 mm/10 years) within the wet mountains of study area;

e Inautumn, only 3% of the cells, located mainly around the central valley of the upper
Moulouya, expressed a statistically significant upward trend;

e  Declining rainfall in winter was detected over large areas of the Prerifan hills between
Taza and Taounat in the northeast, and across the Middle Atlas Mountains zone
between the upper Moulouya and western parts of the region;

e  Spring rainfall decline was mainly identified in the upper Moulouya and the north-
western quarter of the region;

e  The summer rainfall trend was negative and mainly concentrated in the northern and
southeastern areas;

e  The creation of this gridded dataset is a first for a Moroccan region and will improve
the monitoring of drought and rainfall variability inside the region and generally
across Morocco.
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